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The eastern water dragon (Intellagama lesueurii), a semi-aquatic arboreal lizard (Agamidae) native to Australia, offers a unique study system to test whether different city parks within a single metropolis can lead to species diversification. This is because they are found in abundance across both their native riparian habitat (ranging from Northern Queensland to north eastern Victoria) and across human-dominated landscapes (including urban and suburban locations (Baird et al. 2012; Gardiner et al. 2014) ). While being a native species, the eastern water dragon displays characteristics similar to those of 'urban exploiters' (Kark et al. 2007) . They are omnivorous, with their diet including insects, native/exotic flowers, fruits and seeds which can extend to anthropogenic food sources within the city.
They also exhibit a complex mating system (Baird et al. 2012) and are highly gregarious ) and sedentary within the city. Males display alternative mating strategies while females are polyandrous (Frère et al. 2015) . Females will lay up to three clutches per year with clutch size varying between six to 12 eggs, where sex of offspring is determined by temperature (Doody et al. 2006 ).
Here, we focus our research on four city park populations within the central business district (CBD) of Brisbane. Historically, populations of the eastern water dragon were found along the banks of the Brisbane River. With the expansion of Brisbane city over the past 175 years, however, these populations became isolated and their habitat transformed into novel city spaces. The year of establishment of each city park varies from 1855 (oldest) to 2001 (youngest) equating to a dragon's generation time range of 32 to three generations respectively. In order to test for 'urban' divergence, we collected genetic and morphological data for 286 individuals across these four city park populations and 284 individuals across six non-urban populations. This enabled us to compare patterns of genetic and morphological differentiation found among city populations to two types of non-urban populations, thus emulating conditions preceding the city's development. We categorised these six wild non-
This article is protected by copyright. All rights reserved. urban populations into three connected (hereafter referred to as CNU) and three isolated nonurban populations (hereafter referred to as INU). Under the urban divergence hypothesis, we would expect that patterns of genetic and morphological differentiation to exceed those expected under natural selection and genetic drift with (CNU) and without (INU) gene flow.
We then tested whether founder events and/or drift could explain patterns of differentiation found among the four urban populations.
Materials and Methods
Study system and sample collection. We sampled 10 study sites: four city park (CP) populations, three connected non-urban (CNU) populations and three isolated non-urban (INU) populations. The four city park (CP) study sites were 100% manmade and highly would be classed as a manicured leisure space. The geographic distances between these four populations ranged from 0.9km to 5.0 km. The three CNU study sites were located along an undisturbed (non-urban) native, riparian green belt in the Lane Cove National Park, New South Wales (NSW), Australia (CNU1: -33.760333, 151.105444; CNU2: -33.792279, 151.150806; CNU3:-33.792528, 151.15125). The geographic distances between these populations (0.1km -5.6km) emulated those found between the four CP populations. The three (INU) study sites were geographically isolated from one another along distinct nonurban, native riparian green habitats in south-east QLD (INU1: -27.525913, 152.92557; INU2; -26.623984, 152.965613; INU3: -26.564226, 152.973053) . The geographic distances
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This article is protected by copyright. All rights reserved. between these populations ranged from 15.6km to 114.7km. Supplementary fig 4 shows the clear habitat differences between the CP study sites and non-urban study sites.
All animals were caught using a noosing method. Blood samples were collected using the ventral tail caudal venepuncture technique (Frye 1991; Murray 2000) . Tail tissue samples were collected following Strickland et al. (Strickland et al. 2014) , and taken when blood samples were unobtainable. A total of 570 eastern water dragon DNA samples were collected from the 10 study sites (see Table 2 for all population sample sizes).
Molecular methods.
Genomic DNA was extracted from tail samples using the DNeasy blood and tissue extraction kit (Qiagen Ltd) and extracted from blood samples using Wizard® Genomic DNA Purification Kit (Promega), according to the manufacturer's instructions.
Genomic DNA extraction. We used 373 individuals for mitochondrial DNA (mtDNA) analysis and amplified a 503 base pair (bp) fragment of the ND5 subunit mitochondrial DNA region using primers 4F (5'-GGCGTGGGGCCTTCTATGGC-3') and 4R (5'-TCTTCCCGGCCGCTGGGTTA-3') following the PCR conditions described in Frere et al. (Frère et al. 2012) . Sequences of mtDNA were visualised and aligned using MEGA6 (Tamura et al. 2013 ) and mtDNA haplotypes were assigned using DnaSP vs5 (Librado and Rozas 2009 ). Sequences with a High Quality percentage (HQ%) of less than 8% were not used in subsequent analyses.
We genotyped 570 individuals at 13 microsatellite loci using the Qiagen Multiplex Kit TM . We used the microsatellite markers: EWD3, EWD5, EWD6, EWD15, EWD16, EWD21, EWD24, EWD26, EWD30, EWD44, EWD46, EWD62 and EWD69 (Frère et al. 2012) . PCRs were carried out using the conditions described in Frere et al. (Frère et al. 
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2012). PCR products were resolved on an ABI730 capillary sequencer using the LIZ500 internal size standard and scored using GeneMapper 4.0 software. Microsatellites were checked for Hardy-Weinberg Equilibrium (HWE) and linkage disequilibrium in GenePop (Rousset 2008 ). We did not remove related individuals from any downstream analyses as all populations contained relatives. However, using a distribution of Wang's pairwise relatedness estimate (Wang 2002 ) across each population we showed that we did not bias our sampling towards one particular relatedness category (Supplementary fig 1) .
Genetic differentiation. STRUCTURE was not used to investigate the evolutionary relationships among populations, but was instead used to ensure that individuals collected from our known populations clustered separately for the purpose of downstream comparative
analyses. As such, we ran STRUCTURE for each scenario (CP, CNU and INU) separately using the Bayesian clustering approach used in STRUCTURE (version 2.2.3 (Pritchard et al. 2000; Falush et al. 2003) ). Sample sizes were much larger in CP3 and CNU3, therefore STRUCTURE was run using 50 representative samples from each of these populations in order to reduce the effect of sample size on population structure. We chose to run the admixture model, as it is a flexible model for dealing with many complexities of real populations, with independent allele frequencies as we would expect allele frequencies in different populations to be reasonably different from each other. We ran 20 replicates of each run and set the number of genetic groups from K = 1 to K = 7 for the CP, CNU and INU populations. Each run consisted of a burn-in period of 100,000 MCMC (Markov chain Monte Carlo) steps followed by 10 6 iterations. Analyses included the sampling sites as prior (LOCPRIOR) which has been shown to better resolve genetic structure when there is low genetic divergence (Hubisz et al. 2009 ). However, LOCPRIOR will also give the same answers when the signal of population structure is very strong (Hubisz et al. 2009 ). We
applied the CLUMPAK (Kopelman et al. 2015) , ∆K (Evanno et al. 2005) method and the (Ln(Pr(X|K)) methods (Pritchard et al., 2000) to infer the number of genetic groups. (Wang 2015) . Therefore, we also calculated the sHua because, in contrast to estimates of population differentiation (such as F ST and G ST ), sHua is not dependent on the diversity (allele frequency plus mutations) within populations but instead is completely hierarchical, resulting in more robust measures of dispersal between populations (Sherwin et al. 2006) . The relationships among mtDNA haplotypes were inferred from a median joining network constructed using NETWORK 4.6.11 (Bandelt et al. 1999) (Fig 3) .
For all pairwise measures of genetic differentiation refer to Supplementary table 2.
Genetic diversity. Genetic diversity was assessed as the total number of alleles (TNa), allelic richness (AR), number of effective alleles (Ae) and number of private alleles (Np) using GeneAIEx 6.5 (Peakall and Smouse 2006) . Observed (H O ) and expected (H e ) heterozygosity were calculated at each locus and population with possible departure from equilibrium tested using the Markov chain method using GeneAIEx 6.5. We calculated the population inbreeding coefficient (F IS ) for each population using GeneAIEx (Peakall and Smouse 2006) , where F IS > 0 indicates greater inbreeding than expected under HWE and F IS < 0 indicates greater heterozygosity than expected. Effective population size (N e ) for each of the
populations was estimated using the linkage disequilibrium (LD) method in LDNe (Waples and Do 2008) . For each population, we removed microsatellite loci that were found to be out of Hardy-Weinberg Equilibrium (Table 1) . We report analysis results after excluding alleles with frequency less than 0.01 and with 95% confidence intervals using the jack-knife approach. Estimates of the upper 95% confidence intervals included infinity for CNU1, INU1, INU2 and INU3. Haplotype number (H), haplotype diversity (Hd), nucleotide diversity (Pi) and the number of segregating sites (S) were estimated using DnaSP vs5.
Bottlenecks.
To test for the presence of a bottleneck within each population, we conducted three analyses. First, we tested for heterozygosity excess using BOTTLENECK 1.2.02. A two-phase model (TPM (Di Rienzo et al. 1994) ) was run with significance assessed using the Wilcoxon sign rank test (Cornuet and Luikart 1996) . Parameters of the TMP can be adjusted (p g and the variance of mutations larger than one step (Piry et al. 1999) ), therefore, we set the p g to 0.1, 0.2 and 0.4, and variance to 4, 12 and 16. Inference of a bottleneck is stronger when results are consistent across a range of possible values for the proportion of multi-step mutations (Guinand et al. 2003; Peery et al. 2012) . Second, we checked for any distortion in allele frequency (Luikart et al. 1998) . Bottlenecks can cause alleles at low frequency (<0.1) to become less abundant than alleles in one or more intermediate allele frequency classes (e.g. 0.1-0.2). It has been shown that a graphical method is likely to detect an allele frequency distortion after a bottleneck of ≤20 breeding individuals when 8 to 10 polymorphic microsatellite loci are analysed (Luikart et al. 1998) . Third, we calculated M-ratios using M_P_VAL (Garza and Williamson 2001) . The significance of the observed M value is determined by comparing it to the distribution of M values calculated from theoretical populations in mutation-drift equilibrium; the critical value of M (M c ) was set at the lower 5% tail of this distribution. The program CRITICAL_M (Garza and Williamson 2001) generates
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M c thresholds, allowing the modification of three TPM parameters (Θ, p g , δ g ) that approximate the mutation process in real populations. Θ is calculated as pre-bottleneck genetic diversity (Θ = 4Neµ in diploid organisms, where µ is the per generation mutation rate (we set µ = 0.001)). We tested six N e values (N e = 100, 200, 300, 500, 1250 and 2500) -
these N e values were chosen to include current non-urban N e values (Table 2 ) and above.
This was done to emulate the N e values of city park populations pre-city development.
Submitting these values into the calculation of Θ gave a broad range of 0.4, 0.8, 1.2, 2, 5 and 10. We set the p g as 0.22, 0.4 and 0.6 as p g > 0.22, opposed to many default settings of p g = 0.10, reduces Type 1 error rates for M-ratio tests considerably (Peery et al. 2012) . We set the δ g to 3.1 as suggested by Peery et al. (Peery et al. 2012) .
Genetic drift. To investigate whether there was a correlation between effective population size (N e ) and the extent of genetic differentiation found between populations, we constructed a population-pairwise matrix of the harmonic mean of N e, between each population pair (as used in (Weckworth et al. 2013) ). We used a partial Mantel test to test for a correlation between genetic distances (F ST and sHua) and harmonic means of N e while controlling for geographical distances. Significance was assessed using 10,000 randomisations.
Also, to determine whether the extent of genetic differentiation among the city park populations could be explained by drift alone, we simulated genetic data using EasyPop 2.0.1 (Balloux 2001) . A two-step migration scheme was run to represent expected gene flow prior and post-city development under two hypotheses: H1) prior to city settlement with city park populations connected along the Brisbane River and creeks and H2) prior to city development with city park populations geographically isolated along the Brisbane River and creeks.
We ran six independent scenarios to represent each city park population pair.
Migration rates for each scenario were measured by dividing the average pairwise mean number of migrants (Nm) by the mean effective population size. The first migration step was based on the observed migration rate calculated from Nm of the samples taken from either H1 (CNU populations) or H2 (INU populations), and was run for 10,000 generations to stabilize the population (see Supplementary methods 1 for Nm used in each of the migration rates). The second step used the observed migration rate between city park population pairs which is reflective of contemporary post-urbanisation migration rates and was run for 35 generations based on a per generation time of 5 years. 35 generations were chosen given historical records of Brisbane city. We consider that 35 generations at the observed contemporary migration rate is highly conservative, given it is unlikely gene flow among the inner-city park sites decreased as sharply as our models. The proportion of migration was set the same for males and females based on the extent of mtDNA and microsatellite genetic differentiation among non-urban (connected and isolated) populations.
For each scenario, we simulated data for 13 independent loci, each with seven possible allelic states (mean number of allele per loci as per (Frère et al. 2012) ). We used a stepwise model (Sherwin et al. 2006 ) and a mutation rate of 0.001. Alleles were randomly assigned in the initial population. We specified a polygynous mating system with 25% mating to subordinate males (Frère et al. 2015) .
We ran 99 simulation replicates for each scenario and calculated the sHua for each replicate and used simple Mantel tests to determine whether our observed pairwise sHua among city park populations were significantly larger than expected under a drift only model.
Refer to Supplementary methods 1 for more details.
This article is protected by copyright. All rights reserved. from the tip of the snout to the posterior edge of the anal scale (Fig 4c) . Tail girth and SVL
were measured with a ruler to the nearest mm; all other measurements were measured with
Vernier callipers and measured to the nearest 1 mm. All measurements were taken on the left side of the animal. Body mass was measured using a Pesola spring scale to the nearest 1 gram.
Morphological differentiation.
We tested for correlations between predictive variables using a principal component analysis (PCA) of all morphological measurements taken for each individual excluding body mass and SVL. The first three principal components (PCs)
were included in subsequent analyses as they accounted for 96.4% of the total variance (Jolliffe 1972 
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In order to determine whether a particular sex was driving observed body size and body shape differentiation among CP populations or INU populations, we split the data into: 
Results

High levels of genetic differentiation found within the city.
CLUMPAK and (Ln(Pr(X|K)) assigned all individuals to their sampled locations and identified four CP populations (Fig 1) , three INU populations and three CNU populations (Supplementary fig 2) . ∆K, however, identified one less cluster for CP, INU and CNU populations (Supplementary fig 2) . No loss of genetic diversity found within the city.
All measures of genetic diversity were found to be similar across all 10 populations, with the exception of CP2 where only one mtDNA haplotype was identified (Fig 3 and 
No consistent evidence for bottlenecks.
Despite using a range of values for each parameter, we found no consistent evidence for recent or historical bottlenecks in any of the CP, INU or CNU populations using three approaches: 1) heterozygosity excess tests, 2) M-ratio approach (Supplementary table 4) and 3) assessment of allele frequency classes (Supplementary fig 3) .
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Beyond genetic drift alone.
We found no evidence that genetic drift alone was driving the extent of observed genetic differentiation among CP populations. First, we found no evidence of isolation by distance (IBD) within the city, however, we did find evidence of (Table 3) .
Morphological differentiation within the city.
Similar to the contrasting patterns of genetic differentiation, there was significantly greater morphological differentiation (body size and shape) among CP populations in comparison to INU populations, especially in body shape (Fig 4 and 5) , with the majority of body shape differentiation among CP populations driven by females (Fig 5b and 5c ). 
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body size, however this differentiation was greater in males than in females (CP males: χ² (3, N=76) = 27.57, P < 0.001; CP females: F 3, 99 = 6.25, P < 0.001) with significant differentiation between males in CP1-CP3 (Nemenyi post-hoc test (N=38); P < 0.001), CP2-CP3 (Nemenyi post-hoc test (N=49); P < 0.001) and CP1-CP4 (Tukey HSD (N=31); P = 0.019).
Significant population differentiation in shape 1 only occurred among CP populations (F 3, 179 = 8.97; P < 0.001; Fig 4, Fig 5b and Supplementary table 6), with females being the sole driver (CP males: F 3, 76 = 1.47; P = 0.23; CP females: F 3, 99 = 9.44; P < 0.001).
Significant female differentiation was found between CP1-CP3 (Tukey HSD (N=49); P < 0.001), CP2-CP3 (Tukey HSD (N=51); P = 0.004) and CP3-CP4 (Tukey HSD (N=59); P < 0.001).
We only found significant population differentiation in shape 2 among CP populations (χ² (3, N=179) = 36.30; P < 0.001; Fig 4, Fig 5c and Supplementary table 6 ). Both CP males and CP females showed significant differentiation among populations (CP males:
F 3, 76 = 6.47, P < 0.001; CP females: χ² (3, N=99) = 22.92; P < 0.001).
Discussion
While much attention has been given to islands and archipelagos for the study of evolutionary processes, our results suggest that city park 'archipelagos' within a single urban centre could represent theatres for evolution. Here, we provide evidence for the genetic and morphological differentiation of a native lizard (Intellagama lesueurii) at four geographically close yet isolated parks within one city. By comparing city patterns to those found in the absence of urban development (to emulate conditions preceding the city's development), we demonstrate that these patterns of genetic and morphological differentiation are extensive, consistently exceed those levels found among non-urban populations and most likely coincided with the first major inner-city development 175 years ago (35 water dragon generations). Below we
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This article is protected by copyright. All rights reserved. discuss three potential drivers (isolation by colonisation, isolation by dispersal limitation, and local adaptation (Orsini et al. 2013) ) and how each of these may (or may not) apply to our findings.
Patterns of colonization followed by founder events are important drivers of genetic differentiation (Nei et al. 1975) and are often reported in biological invasions ( (Schulte et al. 2013) . Genetic signatures of such events can include both a reduction in genetic diversity following a single founder event (e.g. bottlenecks (Rasner et al. 2004 ) (Dlugosch and Parker 2008) ), or an increase in genetic diversity when multiple and genetically differentiated source populations are mixed (e.g. (Signorile et al. 2016a; Signorile et al. 2016b) ). In contrast to introduced populations of wall lizards (Schulte et al. 2013) , we found little evidence of founder effects on our observed patterns of genetic diversity. First, we found no evidence for reduced genetic diversity in city park populations when compared to any of the non-urban populations (Table 1) . For instance, allelic richness, a more sensitive measure of founder events (Greenbaum et al. 2014) , was similar across all 10 populations and twice as high as those reported for other lizard populations (e.g. wall lizard Podarcis muralis (Michaelides et al. 2015) and mountain lizard Iberolacerta bonnali (Ferchaud et al. 2015) ). Second, we found little evidence for admixture in any of the city park populations with less than 3% of animals within the city showing admixture from multiple city park populations (see Fig 1) . Third, heterozygosity excess tests and M-Ratio analyses provided no consistent evidence of genetic bottlenecks in any of the 10 populations. Detection of bottlenecks can be challenging, given that factors such as duration of bottlenecks, migration rate, effective population size and levels of genetic diversity pre-bottleneck all influence genetic signals of population declines (Cornuet and Luikart 1996; Williamson-Natesan 2005; Peery et al. 2012) . It may also be that the mating system of eastern water dragons enable a rapid genetic recovery post-bottleneck (increase in genetic diversity). Indeed, more genetically diverse dragons have been shown to
have increased siring success (Frère et al. 2015) . This may be a powerful mechanism that allows for the maintenance of high levels of genetic diversity and may mask the genetic signatures of genetic bottlenecks.
Genetic divergence through genetic drift and genetic homogenisation, mediated by gene flow (i.e. isolation by distance, (Wright 1943) ), has been a strong focus of population genetics (Slatkin 1987; Nosil 2008; Räsänen and Hendry 2008) . Many studies have provided strong empirical evidence that genetic drift is a powerful driver of genetic differentiation (Slatkin 1987; Funk et al. 2016) , especially in small and insular populations (Strand et al. 2012) . City park populations fit these criteria given that, with the inner-city development, 1)
these have now become isolated from one another and 2) are characterised by smaller effective population sizes than their non-urban counterparts. We would therefore have expected genetic drift to be a significant driver of genetic differentiation among city park populations. In contrast to this, all analyses that we conducted provided no strong evidence for genetic drift. Unlike patterns expected under an isolation by distance model (Orsini et al. 2013), we found that geographical distances did not correlate with the degree of genetic differentiation among CP populations, but did for INU or CNU populations. For instance, the extent of genetic differentiation among city park populations, less than 5 km apart, was comparable to those found among non-urban populations separated by over 783 km (Table   1) . Interestingly, we found that CP4 was most closely related to individuals sampled from INU1. While the CP4 study site is a 100% manmade leisure park within the CBD of Brisbane, it is the only CP population still found along the banks of the Brisbane River. INU1 is located 11.2 km (Supplementary table 2) upstream on a tributary of the Brisbane River.
However, unlike CP4, the INU1 study site is a native riparian habitat that has been preserved.
It may therefore be that CP4 and INU1 share a common ancestor. Effective population size (N e ) can also influence the extent of genetic differentiation among populations. This would
be particularly true for populations with small N e . This is because, the smaller the N e the greater the effect of genetic drift (Nei and Tajima 1981) . This was found to be the case in the endangered woodland caribou (Rangifer tarandus) where authors found that N e negatively correlated with pairwise population genetic differentiation (Weckworth et al. 2013) . Here, however, we did not find that N e correlates with estimates of population genetic differentiation nor genetic diversity. Lastly, comparisons of observed levels of genetic divergence among city park populations compared to those predicted under simulated genetic drift, revealed that mechanisms beyond drift may be contributing to the extreme population genetic differentiation found among city park populations.
Local adaptation may have also contributed to the extreme extent of population differentiation among city parks (Coyne et al. 1997; Clegg et al. 2002) . This is most evident from the morphological trends we observed. While it is more challenging to link neutral genetic differentiation to patterns of isolation by adaptation (Orsini et al. 2013) , morphological differentiation, in contrast, is widely considered adaptive (Losos and Ricklefs 2009) . While some might argue that morphological differentiation among isolated populations to be the product of drift (Wright 1931; Wright 1932) , here, we demonstrate that patterns of morphological differentiation among city parks exceed those found among isolated non-urban populations. This strongly suggests that isolation by adaptation beyond drift alone, may be contributing to the evolution of local morphological phenotypes within each city park (Fig 4 and 5) . It is unlikely that observed differences in body shape among populations are driven by the sampling of sub-adults given that body shape is not nested in body size. In other words, we did not find that patterns of variation in size match those patterns of variation in shape (Fig 5) . Differences in habitat structure and habitat use have been shown to greatly affect the morphology of a number of species (Garland Jr and Losos 1994) , with many lizards showing morphological adaptations to increase their physiological
performance (Losos et al. 1997; Kolbe et al. 2012; Stuart et al. 2014) . For example, functional studies have shown that lizards with relatively longer hindlimbs run faster on broad substrates, whereas lizards with shorter limbs move more skilfully on narrow surfaces, which ultimately aids capturing prey, defending territories and escaping predators (Losos 2009 ). For instance, with this dataset, the CP2 population exhibited significantly different relative limb lengths (shape 2) to the other three city park populations (Fig 5) . This altered morphology may be driven by differences in the thermal and 3D structure of CP2 compared to other city parks. Future performance testing of CP individuals will allow us to understand whether this observed morphological variation within the city provides any benefits (e.g.
climbing, running, and/or fighting). As well as this, our research is endeavouring to understand the ecology of these city parks and how dragons negotiate these new landscapes to understand what environmental factors may be driving this observed morphological variation.
We acknowledge that further studies are required to specifically test for a link between form and function and establish whether morphological change is driven by phenotypic plasticity, heritability, or some interaction. While we will endeavour to disentangle these factors through common garden experiments, phenotypic plasticity and/or genetic heritability are both important drivers by which major evolutionary changes can occur (Losos 2001) . Regardless of the mechanisms at play here, our study provides multiple lines of evidence which suggest that adaptation to city life can occur at a local scale, with extreme patterns of divergence occurring over ecological timeframes within a single metropolis. This is important given that studies of urban adaptation (Contesse et al. 2004; Luther and Baptista 2010; Partan et al. 2010; Atwell et al. 2012; Brown and Bomberger Brown 2013; Potvin et al. 2013; Snell-Rood and Wick 2013; Lowe et al. 2014) , thus far, have clumped multiple
urban populations into one treatment ("urban environment') and compared urban to nonurban patterns of divergence in order to study adaptation to urbanisation. We therefore, argue that the effects of urbanisation are complex and may need to be revisited. 
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